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The Drosophila Tuberous Sclerosis Complex Gene
Homologs Restrict Cell Growth
and Cell Proliferation
a small region with sequence similarity to the GTPase-
activating protein (GAP) domain for the Rap1 GTPase.
The hamartin and tuberin proteins have been shown
to interact physically with each other and appear to exist
as a complex in vivo (Nellist et al., 1999; Plank et al.,
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1998). Thus, disrupting the function of either protein2 Molecular Neurogenetics Unit
could disrupt the formation of the complex. ConsistentBuilding 149, 13th Street
with this notion, mutations in either gene result in theCharlestown, Massachusetts 02129
same clinical abnormalities. At present, little is known3 Research Institute of Molecular Pathology
about what lies upstream or downstream of these pro-Dr Bohr-Gasse 7
teins in a signaling pathway. A variety of different bio-A-1030 Vienna
chemical activities have been attributed to tuberin. TheAustria
putative GAP domain has been shown to increase the4 Skirball Institute for Biomolecular Medicine
intrinsic GTPase activity of both Rap1a and Rab5 in vitroand Department of Cell Biology
(Wienecke et al., 1995; Xiao et al., 1997). Tuberin canNew York University Medical Center
also modulate the transcriptional activity of AP1 and540 First Avenue
several members of the steroid hormone receptor familyNew York, New York 10016
(Henry et al., 1998; Tsuchiya et al., 1996). Hamartin has
also been shown to interact with the actin binding pro-
tein ezrin (Lamb et al., 2000). The role of each of these
Summary functions in restricting cellular growth and proliferation
is unclear.
The inherited human disease tuberous sclerosis, char- Several studies have addressed the ability of the TSC
acterized by hamartomatous tumors, results from mu- genes to alter the growth and proliferation of mammalian
tations in either TSC1 or TSC2. We have characterized cells. Transfection of hamartin into tissue culture cells
mutations in the Drosophila Tsc1 and Tsc2/gigas slows cell proliferation as does increased expression of
genes. Inactivating mutations in either gene cause tuberin (Miloloza et al., 2000; Soucek et al., 1997). A
an identical phenotype characterized by enhanced study using antisense oligonucleotides concluded that
growth and increased cell size with no change in tuberin negatively regulates the G1/S transition (Soucek
ploidy. Overall, mutant cells spend less time in G1. et al., 1997). Mice lacking tuberin (Kobayashi et al., 1999;
Coexpression of both Tsc1 and Tsc2 restricts tissue Onda et al., 1999) die as embryos and exhibit hypoplasia
growth and reduces cell size and cell proliferation. of the liver and poor development of other abdominal
This phenotype is modulated by manipulations in organs. Heterozygous mice develop cysts and slow
cyclin levels. In postmitotic mutant cells, levels of growing tumors in a variety of tissues as they age. The
Cyclin E and Cyclin A are elevated. This correlates Eker rat, a model for hereditary renal cancer, is an inser-
with a tendency for these cells to reenter the cell cycle tion in the TSC2 locus (Kobayashi et al., 1995; Yeung et
inappropriately as is observed in the human lesions. al., 1994). Thus, as in the human disease, loss of TSC1
or TSC2 can promote cell proliferation in a variety of
situations.Introduction
Mutations in the Drosophila TSC2 homolog, gigas
(henceforth Tsc2) result in a dramatic increase in theThe tuberous sclerosis complex (TSC) (Gomez, 1988) is
growth of mutant tissue and a cell autonomous increasecharacterized by tumorous growths called hamartomas
in cell size (Ferrus and Garcia-Bellido, 1976; Ito andthat arise in a wide variety of tissues including the brain,
Rubin, 1999). Examination of mutant cells using confocalskin, heart, and kidneys. Other symptoms of TSC include
microscopy led to the conclusion that mutant cells weremental retardation and epilepsy. A feature of TSC is the
polyploid with approximately ten times the DNA contentpresence of giant cells in some lesions, e.g., giant cell
of wild-type cells (Ito and Rubin, 1999). These cellsastrocytomas.
seemed to have normal patterns of DNA replication but
Approximately a third of the cases are familial and
were apparently blocked from entering mitosis. It was
display an autosomal dominant pattern of inheritance.
postulated that cells in Tsc2 mutant clones undergo
Two-thirds are sporadic mutations. About half of all fa- normal growth and progress through rounds of DNA
milial TSC cases are associated with mutations at the replication without intervening M-phases. As a conse-
TSC1 locus, while mutations at the TSC2 locus account quence, they would become polyploid and larger than
for the rest (Young and Povey, 1998). TSC1 encodes a wild-type cells.
1164 amino acid protein, hamartin, which contains a Here, we describe mutations in the Drosophila TSC1
stretch of hydrophobic amino acids as well as two puta- homolog (Tsc1). Our interpretation of the Tsc1 mutant
tive coiled-coil domains. The TSC2 locus encodes a phenotype differed significantly from that described
1807 amino acid protein called tuberin which includes previously for Tsc2 and caused us to reexamine the
Tsc2 mutant phenotype. We conclude that either Tsc1
or Tsc2 mutant cells are large but retain normal ploidy.5 Correspondence: hariharan@helix.mgh.harvard.edu
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Mutant cells display no block in mitosis but spend less
time in the G1 phase of the cell cycle. Tsc1 and Tsc2
mutations also induce inappropriate cell cycle entry in
populations of cells that are normally quiescent. We
demonstrate that the two genes function together to
restrict growth and proliferation and that they interact
with known regulators of these processes.
Results
Identification of Mutations in Genes that Restrict
Growth and Proliferation
To identify genes that restrict growth and proliferation
in vivo, we screened for mutations that result in an in-
creased representation of mutant tissue at the expense
of wild-type tissue. Following mutagenesis, homozy-
gous clones of mutant tissue were generated in the eyes
of heterozygous animals at high frequency using a FLP-
recombinase expressed under the control of regulatory
elements from the eyeless gene (eyFLP) (Newsome et
al., 2000). Since the wild-type chromosome was marked
with the dosage sensitive mini-white gene, we were able
to compare the relative amounts of mutant tissue (phe-
notypically white, no copies of mini-white) with that of
wild-type tissue (phenotypically red, two copies of mini-
white). eyFLP-induced mitotic recombination was so ef-
ficient that very little heterozygous tissue (orange, one
copy of mini-white) was seen. Competition throughout
development between the mutant and wild-type clones
determined the proportions of red and white tissue in
the adult eye. We kept flies (z1% of those screened)
where the representation of mutant over wild-type tissue
was increased.
Our screens of the four major autosomal arms of Dro-
sophila have identified more than 23 loci that result in
an increased representation of mutant tissue (E. Buff,
L. Edelmann, K. Moberg, N.T., and I.K.H., unpublished
observations). One locus identified in the screen of the
right arm of the third chromosome, was a lethal comple-
Figure 1. Tsc1 Mutations Disrupt the Drosophila TSC1 Homologmentation group consisting of three members. The le-
and Cause Increased Organ and Cell Size
thality of these mutations was uncovered by the dele-
(A) Positions of the premature stop codons resulting from the threetion, Df(3R)crb-F89-4, which lacks the 95D07-D11 to
Tsc1 mutations (arrows). Tsc1Q87X changes codon 87 CAG (Gln) to TAG
95F15 region. Ito and Rubin (1999) had identified a ho- (stop); Tsc1W243X changes codon 243 TGG (Trp) to TGA (stop); and
molog of the TSC1 gene (Tsc1) and mapped it to this Tsc1R453X changes codon 453 CGA (Arg) to TGA (stop). The hydrophobic
stretch (H) and coiled-coil domains (CC1 and CC2) are shown.region. Each mutant chromosome had a different single
(B) Adult eyes mosaic for the parent chromosome bearing the FRTbase change in the Tsc1 gene that in each case resulted
82B element (left) and the Tsc1Q87X allele (right). Mutant clones are whitein a premature stop codon (Figure 1A). In each instance,
and wild-type twin spots are red. FLP-induced mitotic recombinationthis would result in the production of an extremely trun-
occurs in the eye disc as well as in the antennal disc, leading to
cated protein lacking the coiled-coil domains which enlarged eyes and head tissue in the mutant. The inset shows a clonal
have been shown to be essential for the interaction of boundary at higher magnification. Mutant facets (white) are enlarged.
Genotypes: y w eyFLP; FRT82B/FRT82B P[mini-w, arm-lacZ] (left); yTSC1 with TSC2 in mammalian cells (Nellist et al., 1999).
w eyFLP; FRT82B Tsc1Q87X /FRT82B P[mini-w, arm-lacZ] (right).There is no obvious difference in the severity of the
(C) Adult retinal section through a mosaic eye. Mutant tissue lacksphenotype of the three alleles and each is lethal in trans
the white pigment. Tsc1 mutant cells are enlarged and have largerto the others or when hemizygous. Thus, all three muta-
rhabdomeres. Genotype: y w, eyFLP; FRT82B Tsc1Q87X /FRT82B
tions are likely to represent null alleles of Tsc1. P[mini-w]. Insets on the right show individual ommatidia of mixed
genotypes at higher magnification. Rhabdomeres of outer photore-
ceptor cells (R1-6) of mutant genotype, which lack pigment granules,Tsc1 Mutations Increase Cell Size and Organ Size
are arrowed. Wild-type rhabdomeres contain pigment granules. InEyes bearing clones of mutant Tsc1 tissue were signifi-
wild-type ommatidia, the central R7 rhabdomere is smaller thancantly larger than wild-type eyes with a substantial over-
those of R1-6 and its pigment cannot be observed in all sections.
representation of mutant tissue over wild-type tissue Genotype: y w, eyFLP; FRT82B Tsc1Q87X /FRT82B P[w].
(Figure 1B). The individual facets of the eye as well as (D) Enlarged bristles on the anterior wing margin in a Tsc1 mutant clone
the interommatidial bristles were significantly larger in (marked with yellow) compared with adjacent bristles of normal size.
Genotype: y w hsFLP; FRT82B Tsc1W243X/ FRT82B P[pMyc] P[w, y].the mutant portions of the eye (Figure 1B). Sections of
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the adult retina revealed that mutant ommatidia were cells were larger than wild-type cells as measured by
forward scatter (Figure 2P). However, the mutant cellslarger than adjacent wild-type ommatidia (Figure 1C).
clearly fell into 2C and 4C populations as measured byThe cell bodies of individual Tsc1 cells were enlarged,
the absorbance of the intercalating dye Hoechst 33342as were the rhabdomeres in the photoreceptor cells. In
and thus appeared to have a normal DNA content (Figureommatidia of mixed genotype the larger rhabdomeres
2P). This result was surprising since it had previouslywere always mutant, indicating that the requirement for
been concluded that Tsc2 mutant cells were highly poly-Tsc function is cell autonomous (Figure 1C). In addition
ploid (Ito and Rubin, 1999). We therefore analyzed theto their increased size, mutant ommatidia occasionally
DNA content of cells from Tsc2 imaginal discs and foundhad missing or extra photoreceptor cells, suggesting a
that they also had increased size and a normal DNAdefect in either photoreceptor specification or differenti-
content (Figure 2Q). Ito and Rubin (1999) had estimatedation. Ommatidial misrotations were also observed near
the DNA content from confocal images after stainingclonal boundaries, which might be a consequence of
with a DNA dye. High levels of background staining maythe juxtaposition of wild-type cells with larger mutant
have led to the erroneous conclusion.cells. Clones of Tsc1 mutant tissue generated in the
Cell cycles in the eye imaginal disc are developmen-wing (Figure 1D) or the wing blade (data not shown)
tally regulated. During the growth of the eye disc in thealso displayed an enlarged cell phenotype. Thus, Tsc1
first and second larval instars, cells proliferate asynchro-functions as a negative regulator of cell size in a number
nously. During the third larval instar, the morphogeneticof tissues. Moreover, the large cell phenotype of Tsc1
furrow moves from the posterior to the anterior end ofmutants is similar to that described for mutations in
the disc, bringing about a G1 cell cycle arrest and thethe Tsc2 gene (Ferrus and Garcia-Bellido, 1976; Ito and
onset of differentiation. Cells anterior to the furrow cycleRubin, 1999).
asynchronously, while those posterior to the furrow un-We examined the pattern of expression of Tsc1 RNA
dergo a single additional cell cycle, the second mitoticby in situ hybridization (data not shown). Tsc1 RNA of
wave. Posterior to the second mitotic wave, cells exitmaternal origin is present at high levels in early embryos
from the cell cycle and undergo terminal differentiation.and is expressed uniformly later in embryogenesis. Dur-
S phases, visualized by BrdU incorporation, occuring the third larval instar, Tsc1 RNA is expressed uni-
normally in the asynchronously dividing cells anterior toformly in all imaginal discs. An antibody to Tsc2 shows
the morphogenetic furrow as well as in cells undergoingmottled cytoplasmic staining (Figures 2F and 2G).
the second mitotic wave in both Tsc2 and Tsc1 mutant
tissue (Figures 2J–2L). This is consistent with previous
Loss of Tsc1 or Tsc2 Increases Cell Growth observations of Tsc2 (Ito and Rubin, 1999). However,
To determine the stage of development when abnormali- additional BrdU incorporation occurred posterior to the
ties in cell and tissue size become apparent, we dis- second mitotic wave in clones of either Tsc2 or Tsc1
sected eye imaginal discs from third instar larvae and mutant tissue. This additional incorporation was not
pupae. Imaginal discs containing clones of tissue that easy to observe using the short labeling times used by
are mutant for either Tsc2 (Ito and Rubin, 1999) or Tsc1 Ito and Rubin (1999). BrdU incorporation in this region
(Figure 2I) are significantly larger than wild-type imaginal was restricted to the mutant clones. Thus, lack of Tsc1
discs (Figure 2H), indicating that Tsc2 and Tsc1 have a or Tsc2 allows cells to enter S phase in regions where
role in restricting imaginal disc growth. they are normally quiescent, indicating that Tsc1 and
In the eye-imaginal discs of third instar larvae (Figures Tsc2 function is required for cells to exit normally from
2A–2C), Tsc1 mutant cells, outlined with phalloidin, were the cell cycle.
We used the anti-phos H3 antibody (Hendzel et al.,larger than adjacent wild-type cells. This difference in
1997) to visualize mitotic nuclei (Figures 2M–2O). Bothsize became even more evident in the pupal retina where
the first and second mitotic waves occurred normallythe mutant cells had clearly outgrown wild-type cells
in Tsc1 or Tsc2 mutant clones, with no delay when com-(Figures 2D and 2E). The nuclei of mutant cells, when
pared to adjacent wild-type cells. Moreover, additionalvisualized by staining with an antibody to the neuronal-
mitoses are observed in mutant clones posterior to thespecific nuclear protein ELAV (Robinow and White,
second mitotic wave. Thus, cells that enter S phase1991) (Figures 2B and 2C), were larger than those of
appear to proceed through the remainder of the cycleadjacent wild-type cells. However, staining with DNA
with no evidence of a block in G2. When dissociateddyes such as propidium iodide or DAPI revealed that
cells from the posterior portion of eye discs were ana-they have a more diffuse DNA staining pattern than their
lyzed, mutant populations had an increased proportionwild-type neighbors (data not shown). Thus, while the
of cells in S phase (cycling cells) with no evidence ofnuclei are larger, it was unclear whether these enlarged
either a G2 block or polyploidy (Figures 2P and 2Q).nuclei had increased amounts of DNA.
Analysis of 45 hr pupal eye discs also confirmed normal
ploidy at later stages of development (not shown).
Mutant Cells Have Normal Ploidy and Enter In summary, Tsc1 or Tsc2 mutant cells are larger and
S Phase Inappropriately consist of populations with a 2C or 4C DNA content.
Cells were dissociated from the posterior portions of Moreover, in Tsc2 or Tsc1 mutant clones, ectopic S
eye-imaginal discs cut along the morphogenetic furrow phases and mitoses are also observed at a stage when
and their DNA content was examined by flow cytometry. cells are normally mitotically quiescent. These results
A green fluorescent protein (GFP) marker on the wild- contradict the findings described in a publication (Ito
type chromosome allowed us to distinguish wild-type and Rubin, 1999) where one of us (N.I.) was an author.
Both authors of that study are now in complete agree-cells (GFP1) from mutant cells (GFP2). The Tsc1 mutant
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Figure 2. Cell Size and Cell Cycle Pheno-
types of Tsc1 and Tsc2 Mutant Clones in De-
veloping Eye Imaginal Discs
(A–C and F–O) Eye-imaginal discs from third
instar larvae. Anterior is to the right.
(D and E) Eye imaginal disc from pupae (48
hr APF at 258C).
(A–C) Increased cell and nuclear size in Tsc1
mutant clones. (A) shows cells outlined with
phalloidin (red). (B) shows photoreceptor nu-
clei stained with anti-ELAV (green). (C) is a
merge of (A) and (B) and staining with anti-
b-galactosidase (purple). Mutant cells in (C)
fail to stain with anti-b-galactosidase. Scale
bar 5 25 mm.
(D and E) Increased size of mutant cells in
the pupal retina. In (D) and (E), cells are out-
lined with phalloidin (red). Mutant cells fail to
stain with anti-b-galactosidase (green). The
arrow points to a small wild-type cell adjacent
to larger mutant cells. Scale bar 5 10 mm.
(F and G) Cytoplasmic localization of Tsc2
protein. In cells posterior to the morphoge-
netic furrow focused at the level of the basal
nuclei, anti-Tsc2 (red) detects mottled cyto-
plasmic staining (F). Nuclei stained with DAPI
(blue) are also shown in (G). Scale bar 5 20 mm.
(H and I) Phase contrast images of eye-imagi-
nal discs containing either wild-type (H) or
Tsc1Q87X clones (I). Scale bar 5 50 mm. (ED
refers to eye disc; AD to antennal disc). Re-
gions corresponding to those boxed are
shown in the fluorescent images (J–O).
(J–L) BrdU incorporation (red) showing S
phases in third instar larval discs with clones
of the parent chromosome (J), Tsc1 (K), and
Tsc2 (L). Clones fail to stain with anti-b-galac-
tosidase (green). “1” and “2” refer to the two
waves of S phases. Both first and second
waves were normal in Tsc1 and Tsc2 mutant
clones. Ectopic S phases observed in the mu-
tant clones are arrowed. Scale bar for J–O 5
50 mm.
(M–O) Mitoses are visualized with the anti-
phos H3 antibody (red) in third instar larval
discs with clones of the parent chromosome
(M), Tsc1 (N) and Tsc2 (O). Clones fail to stain
with anti-b-galactosidase (green). “1” and “2”
refer to the two waves of mitoses. Additional
mitoses posterior to the second wave are ar-
rowed.
(P and Q) Cells dissociated from posterior
portions of third instar eye discs cut along
the morphogenetic furrow examined by flow
cytometry for DNA content and forward scat-
ter (insets). Control (GFP1) populations—
dashed line; mutant (GFP2) populations—
solid lines. Relative increase in FSC of mutant
cells for this experiment is included in the
inset.
ment with the interpretation of the phenotype presented type (GFP 1) cells were compared to (GFP2) mutant
cells. Mutations in either Tsc1 or Tsc2 resulted in ain this paper (G. Rubin, personal communication; see
also Erratum, this issue of Cell). significant increase in cell size over wild-type controls,
as measured by an increase in forward scatter (Figures
3B and 3E). As in eye discs, both Tsc1 and Tsc2 mutantTsc1 or Tsc2 Mutant Cells Spend Less Time in G1
cells had a normal DNA content as assessed by stainingTo quantify the cycling properties of mutant cells, clones
with Hoechst 33342 and were not polyploid (Figures 3Aof Tsc1 or Tsc2 mutant cells were generated at high
and 3D). The 2C and 4C populations were also gatedfrequency in the third instar wing imaginal disc, and
examined by flow cytometry (Neufeld et al., 1998). Wild- separately and displayed an identical shift in cell size
Tsc1 and Tsc2 Restrict Growth and Proliferation
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Figure 3. Increased Cell Size, Normal Ploidy and Cell Cycle Alterations in Tsc1 and Tsc2 Mutant Clones in the Third Instar Wing Disc
(A, B, D, and E) DNA content (A and D) and cell size (B and E) as assessed by flow cytometry for Tsc1 (A and B) and Tsc2 (D and E) cells.
Control (GFP1) populations (dashed line) and mutant (GFP2) populations (solid line) are shown. Mean increase in FSC in mutant populations
are indicated in the insets in B and E. Paired student’s t tests indicated statistically significant increases in FSC for mutant over wild-type
cells in data collected from three independent experiments for each genotype (p 5 0.0004 for Tsc1 and p 5 0.0047 for Tsc2).
(C and F) Cell numbers in the mutant clone (black) and wild-type twin spot (gray) of individual clone pairs generated from the same recombination
event ordered in increasing mutant clone size. ([C], Tsc1; [F], Tsc2). Insets show examples of clone/twin-spot pairs showing increased size
of the mutant clone compared to the twin-spot. Clone and twin spot areas were also measured using the histogram function of Adobe
Photoshop. Using a paired student’s t test, the areas of mutant clones were found to be significantly larger than their twin spot pairs (p 5
0.0001 for Tsc1 and p 5 0.0004 for Tsc2). For clone-twin spot pairs, mean increase in size was 2.0 for Tsc1 and 2.2 for Tsc2.
(not shown). Thus, mutations in Tsc1 or Tsc2 result in not shown), indicating that the phenotype did not result
from increased cell death. Coexpressing Tsc1 and Tsc2an increase in cell size that is manifest at all stages of
the cell cycle. Moreover, Tsc1 and Tsc2 mutant cells posterior to the morphogenetic furrow in the developing
eye using the GMR-GAL4 driver reduced the growth ofare underrepresented in the G1 fraction when compared
to control populations. Instead, they are overrepresented postmitotic cells (data not shown). Thus, the two Tsc
proteins function together to restrict tissue growth.in S and G2 fractions (Figures 3A and 3D).
We estimated the division times of mutant and wild- As in the eye, coexpression of both genes in the poste-
rior compartment of the wing reduced its size (Figurestype cells by counting the number of cells in the mutant
clone and its wild-type “twin spot” after a fixed time 4E–4L). Since each cell in the adult wing secretes a
single hair, we can infer cell numbers from the numberinterval. The mutant clones are typically larger than the
wild-type twin spot due to increased growth in the mu- of hairs. We counted the number of hairs in a small
rectangular region of fixed size and location in the poste-tant clone (Figures 3C and 3F). Cell counts showed a
small reduction in the division time (10%–15%) in the rior compartment and compared it with a region of iden-
tical size in the anterior compartment (Figures 4I–4L;mutants when compared to control cells (see Experi-
mental Procedures). Taken together with the altered Table 1). The cell density in the posterior compartment
was z60% higher than in control wings, indicating aphasing of the cell cycle, mutations in Tsc1 and Tsc2
appear to shorten G1 by almost 50%. There are small 1.6-fold reduction in cell size. Furthermore, the total area
of the posterior compartment of the wing was reduced(6%–14%) increases in the length of the S and G2
phases. by approximately 2-fold. The inferred cell number in the
posterior compartment was reduced by 27%. Thus, the
reduction in compartment size is due to both a reductionTsc1 and Tsc2 Function Together to Restrict
Growth and Proliferation in cell size and a reduction in cell number. Neither trans-
gene on its own affected cell or compartment size.We generated fly stocks that expressed either Tsc1 or
Tsc2 or both genes under the control of GAL4-respon- To examine the effect of Tsc overexpression on cy-
cling cells in the wing imaginal disc, we generated clonessive UAS elements and targeted their expression to the
proliferating cells in the developing eye using the ey- of GFP-marked cells that overexpress both Tsc1 and
Tsc2 (Neufeld et al., 1998) and compared them to wild-GAL4 driver line (Figures 4A–4D). While overexpression
of either Tsc1 or Tsc2 alone had no effect, overexpres- type GFP-negative cells growing in the same disc (Fig-
ures 4M and 4N). Coexpression of Tsc1 and Tsc2 causession of Tsc1 and Tsc2 together resulted in a much
smaller eye (Figure 4D). Coexpression of the baculovirus a reduction in the size of cycling cells. Cells overex-
pressing both Tsc1 and Tsc2 also displayed a relativecaspase inhibitor p35 did not alter this phenotype (data
Cell
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Figure 4. Overexpression of Tsc1 and Tsc2
Reduces Organ and Cell Size and Slows Cell
Proliferation
(A–D) Adult eyes of flies expressing trans-
genes under the control of eyGAL4. Geno-
types are eyGAL4/1; 1 (A); eyGAL4/1; UAS-
Tsc1/1 (B); eyGAL4/1; UAS-Tsc2/1 (C); and
eyGAL4/1; UAS-Tsc1 UAS-Tsc2/1 (D).
(E–H) Adult wings of flies expressing trans-
genes under the control of enGAL4. Geno-
types are enGAL4/1; 1 (E); enGAL4/1; UAS-
Tsc1/1 (F); enGAL4/1; UAS-Tsc2/1 (G); and
enGAL4/1; UAS-Tsc1 UAS-Tsc2/1 (H). The
dashed line indicates the A-P compartment
boundary.
(I–L) High magnification images of a region
from the posterior compartment of wings
shown in (E–H). Scale bar 5 25 mm.
(M and N) DNA content (M) and cell size (N)
as assessed by flow cytometry for cells over-
expressing both Tsc1 and Tsc2. The distribu-
tions of control (GFP2) populations (dashed
line) and double transgenic (GFP1) popula-
tions (solid line) are shown. Mean FSC in
Tsc1 1 Tsc2 overexpressing populations
compared to control is indicated in the inset
in (N). A paired student’s t test using the re-
sults of three independent experiments indi-
cated that the reduction in FSC was signifi-
cant (p 5 0.0062).
(O and P) FLP-out clones expressing either
GFP alone (O) or GFP, Tsc1, and Tsc2 (P)
photographed 48 hr after induction by a 15
min heat shock. Scale bar 5 100 mm.
(Q) Distribution of cell numbers in FLP-out
clones of cells expressing GFP, Tsc1, and
Tsc2 (black) or GFP alone (hatched). Mean
doubling time (DT) and number of clones
counted (n) are indicated.
increase in the population of cells in G1 at the expense Tsc1 and Tsc2 Mutations Interact with G1
Regulators and Increase Cyclin Levelsof those found in S phase. The proportion of cells in G2
In the eye disc posterior to the morphogenetic furrow,remained unchanged (Figure 4M).
many cells lacking Tsc1 displayed elevated levels ofDivision times were calculated by generating marked
Cyclin E, which is localized to the nucleus (Figures 5A–clones of cells and counting the number of cells in the
5C), as well as elevated levels of Cyclin A (Figures 5D–clone after a fixed time interval. Clones that coexpressed
5F), which is cytoplasmic. Cells lacking Tsc2 also haveTsc1 and Tsc2 were significantly smaller than clones
elevated levels of Cyclin A and Cyclin B (Ito and Rubin,expressing the GFP marker alone (Figures 4O and 4P).
1999).This size difference was still observed in the presence of
The size reduction of the eye caused by Tsc1 andthe caspase inhibitor p35, indicating that the reduction in
Tsc2 overexpression was influenced by the expressionclone size is not due to apoptosis (data not shown). The
levels of cyclins that function in the G1 phase of the celldoubling time of cells that coexpressed Tsc1 and Tsc2
cycle. Overexpression of cyclin D and cdk4 or of cyclinwas 16.1 hr, which was longer than that of control cells
E alone using the eyGAL4 driver did not affect eye size
(11.2 hr) (Figure 4Q). Combined with the analysis of the
(not shown). However, the phenotype elicited by overex-
phasing of the cell cycle, these data indicate that all pression of both Tsc1 and Tsc2 (Figure 6A) was fully
phases of the cell cycle are lengthened in cells that suppressed by the simultaneous overexpression of both
overexpress Tsc1 and Tsc2. However, this effect is most cyclin D and cdk4 (Figure 6B) or cyclin E (Figure 6D) and
marked for G1, which is lengthened by 75%. The dura- partially suppressed by overexpressing cyclin D alone
tion of G2 increases by z47% and the increase in the (not shown). Conversely, having one mutant allele of
duration of S phase is only 12%. Thus, a reduction in either cdk4, cyclin E, or cyclin A enhanced the pheno-
tissue size can be attributed to a reduction in the size type (Figures 6C, 6E, and 6F).
of individual cells as well as a slowing down of cell Increased activity of insulin-mediated signaling, as
well as increased activity of dmyc or Ras1 has beenproliferation.
Tsc1 and Tsc2 Restrict Growth and Proliferation
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Table 1. Combined Overexpression of Tsc1 and Tsc2 Reduces Cell Size and Cell Number
Cell densities Area in compartment
Cell density in Area of Cell number in(3 1023 cells/mm2) (3 104 mm2)
posterior compartment posterior compartment posterior compartment
Anterior Posterior Anterior Posterior (% of control)* (% of control)* (% of control)*
control 6.2 (0.2) 5.9 (0.3) 58.4 (2.0) 97.4 (4.5) 100 100 100
UAS-Tsc1 6.3 (0.2) 5.8 (0.3) 54.8 (1.1) 96.7 (2.8) 100 107 107
UAS-Tsc2 6.3 (0.2) 5.8 (0.2) 55.8 (1.2) 96.0 (3.0) 100 105 105
UAS-Tsc112 6.5 (0.3) 9.7 (0.7) 54.6 (2.3) 42.7 (3.0) 156 47 73
enGAL4 was used to express UAS-Tsc1 and UAS-Tsc2 in the posterior compartment of the wing. Cell densities and compartment size were
determined (see Experimental Procedures) and shown as mean values with standard deviations in parentheses (n 5 10). Since flies expressing
Tsc1 and Tsc2 were smaller than wild-type flies, we used the relative sizes of the anterior compartment in wild-type and UAS-Tsc1, UAS-
Tsc2 flies to adjust the numbers obtained in the posterior compartment for this effect. Adjusted numbers are indicated in columns marked
with an asterisk.
shown to promote growth (reviewed by Stocker and 6J and 6L). Thus, the phenotype elicited by overexpres-
Hafen, 2000). The small eye phenotype induced by over- sion of Tsc1 and Tsc2 is strongly influenced by the
expression of Tsc1 and Tsc2 was suppressed by overex- pathways that have been shown to regulate growth in
pression of dmyc (Figure 6G) and enhanced in flies het- vivo.
erozygous for a mutation in Ras1 (Figure 6H). Insulin
receptor-mediated growth involves activation of the S6
kinase. We found that overexpression of S6 kinase sup- Discussion
presses the phenotype induced by overexpression of
Tsc1 and Tsc2 (Figure 6I). Overexpression of either dmyc Tuberous sclerosis in humans is characterized by the
or S6 kinase alone does not affect eye size (not shown). presence of slow growing tumors that often contain
Manipulations that increase the activity of phosphoino- giant cells. Here, we present an analysis of the biological
sitide 3-kinase (PI3K), or that inactivate its antagonist properties of the Drosophila homologs of TSC1 and
PTEN, result in a dramatic increase in cell size (Gao et TSC2. First, our results show that a mutation in either
al., 2000; Goberdhan et al., 1999; Huang et al., 1999; gene results in large cells that have normal ploidy. Sec-
Leevers et al., 1996). Overexpression of PTEN alone ond, we demonstrate that the Tsc1 and Tsc2 proteins
reduces eye size (Figure 6K). This phenotype enhances function together in vivo. Third, we show that the Tsc1
that elicited by coexpression of Tsc1 and Tsc2 (Figures and Tsc2 loci are both important regulators of cell and
tissue growth. We also demonstrate that a lack of Tsc1
or Tsc2 results in an altered cell cycle characterized by
a truncated G1 phase and results in elevated levels of
cyclins. Finally, we demonstrate that mutant cells tend
to reenter the cell cycle when their wild-type neighbors
remain quiescent. This property of mutant cells may be
crucial for tumorigenesis in humans.
Tsc1 and Tsc2 Function Together In Vivo
Mutations in either Tsc1 or Tsc2 result in large cells
with normal ploidy. The phenotypes of Tsc1 and Tsc2
mutants are extremely similar, if not identical. In humans,
mutations in either TSC1 or TSC2 result in a virtually
identical disease. The TSC1 and 2 proteins, hamartin
and tuberin, form a complex in cultured cells (Nellist et
al., 1999; Plank et al., 1998). Thus, loss of either protein
would result in the loss of the complex with the same
Figure 5. Elevated Levels of Cyclin E and Cyclin A in Tsc1 Mutant end result. The disease phenotype in humans and our
Clones observations in Drosophila suggest that all the functions
Third instar eye imaginal discs posterior to the morphogenetic fur- of TSC1 and TSC2 are mediated by a complex of the
row showing photoreceptor cell clusters. Anterior is to the right. two proteins, and that neither protein has additional
Scale bar 5 10 mm.
functions (Figures 2 and 4).(A and D) Mutant cells fail to stain with anti-b-galactosidase (lilac).
Moreover, combined overexpression of both Tsc1 and(B) Cyclin E in nuclei is visualized with anti-Cyclin E type 1 (red).
(C) Merge of (A) and (B) with anti-ELAV staining to show photorecep- Tsc2 readily elicits a phenotype in a variety of tissues,
tor nuclei (green). Nuclei that express Cyclin E and ELAV appear while overexpression of either protein alone is insuffi-
yellow. cient (Figure 4). This argues that most, if not all, of the
(E) Cyclin A expression in the cytoplasm visualized with anti-Cyclin
endogenous Tsc1 and Tsc2 is sequestered in the com-A (red).
plex and is unavailable to complex with exogenously(F) Merge of (D) and (E) with anti ELAV staining to show exclusion
of Cyclin A from photoreceptor cell nuclei (green). supplied protein.
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to maintain a near normal cell size in a situation where
the rate of growth is reduced. An alternate possibility is
that Tsc1 and Tsc2 negatively regulate both cell growth
and cell cycle progression independently.
The increased growth rate of mutant tissue is apparent
in both cycling and postmitotic cells. In cycling popula-
tions such as the wing disc and in the eye disc anterior
to the morphogenetic furrow, mutant clones are larger
than the corresponding wild-type twin spots (Figures
3C and 3F). The difference in size between the clone
and the twin-spot becomes more exaggerated after the
cells have stopped dividing, resulting in a greatly in-
creased representation of mutant tissue in the adult
(Figure 1B).
A major pathway that regulates growth in Drosophila
is the pathway that links signaling via the insulin receptor
to phosphorylation of the ribosomal protein S6. This is
thought to lead to increased ribosome biosynthesis and
mass accumulation. Thus, loss-of-function mutations in
the insulin receptor (inr) (Chen et al., 1996), the insulin
receptor substrate (chico) (Bohni et al., 1999), and in
genes encoding the downstream signaling molecules
PI3K (Weinkove et al., 1999), Akt (Dakt) (Verdu et al.,
1999), and S6 kinase (dS6K) (Montagne et al., 1999), all
reduce cell and organ size. Conversely, overexpression
of PI3K or loss-of-function mutations in the insulin path-
way antagonist PTEN (dPTEN) lead to increased cell
and tissue growth (Gao et al., 2000; Goberdhan et al.,
1999; Huang et al., 1999; Weinkove et al., 1999). In addi-
tion, Ras1, possibly acting via dmyc, can also promote
cell growth in response to extracellular growth factors
(Johnston et al., 1999; Prober and Edgar, 2000). In-
creased activity of Cyclin D in a complex with cdk4 has
also been shown to be a potent stimulus for growth in
both dividing and postmitotic cells (Datar et al., 2000).
The enhanced growth observed in the Tsc1 or Tsc2
Figure 6. The Phenotype Elicited by Overexpression of Tsc1 and
mutants most resembles the results of inactivating PTENTsc2 Is Modulated by Changes in Levels of Other Regulators of
(Gao et al., 2000) or increasing Ras1 or dmyc activityGrowth and Cell Proliferation
(Johnston et al., 1999; Prober and Edgar, 2000). In each(A–L) Adult eyes of flies. (A–I) are male and (J–L) are female.
of these situations, there is a reduction in the length ofOverexpression of Tsc1 and Tsc2 under eyGAL4 control in various
genetic backgrounds is abbreviated as “1/2”. the G1 phase. In contrast, increased growth driven by
Genotypes are: eyGAL4/1; UAS-Tsc1 UAS-Tsc2/1 (A); eyGAL4/ Cyclin D/cdk4 does not alter the distribution of cells in
UAS-cycD UAS-cdk4; UAS-Tsc1 UAS-Tsc2/1 (B); eyGAL4/1; UAS- different phases of the cell cycle (Datar et al., 2000). The
Tsc1 UAS-Tsc2/cdk43 (C); eyGAL4/UAS-cycE; UAS-Tsc1 UAS- effects of the combined overexpression of Tsc1 and
Tsc2/1 (D); eyGAL4/ cycEPZ5; UAS-Tsc1 UAS-Tsc2/1 (E); eyGAL4/
Tsc2 displays genetic interactions with multiple path-cycA03946; UAS-Tsc1 UAS-Tsc2/1 (F); eyGAL4/1; UAS-Tsc1 UAS-
ways (Figure 6). The phenotype is influenced by alter-Tsc2/UAS-dmyc (G); eyGAL4/1; UAS-Tsc1 UAS-Tsc2/Ras1e1B (H);
eyGAL4/UAS-S6K; UAS-Tsc1 UAS-Tsc2/1 (I); eyGAL4/1; UAS- ations in the levels of dS6K, PTEN, Ras1, dmyc, cyclin
Tsc1 UAS-Tsc2/1 (female control) (J); eyGAL4/UAS-PTEN (K); D, and cdk4. Thus, Tsc1 and Tsc2 may function down-
eyGAL4/UAS-PTEN; UAS-Tsc1 UAS-Tsc2/1 (L). stream of the point of convergence of these pathways.
Alternatively, Tsc1 and Tsc2 may primarily antagonize
one of these pathways, but this effect could be over-Tsc1 and Tsc2 Regulate Cell and Tissue Growth
come by increasing the activity of one of the others.Cells mutant for either Tsc1 or Tsc2 are larger than wild-
Imaginal discs containing large mutant clones of ei-type cells and show a marginal decrease in their division
ther Tsc1 or Tsc2 are significantly larger than wild-typetime. Thus, the rate of mass accumulation (growth) in
imaginal discs but are patterned relatively normally. Mu-Tsc1 and Tsc2 mutant cells must be greater than that
tations in several cell size regulators such as E2F or Rbfof wild-type cells to allow them to be larger than their
have been shown to affect the size of individual cellsneighbors despite a similar division time. Hence, the
but do not alter the final size of the organ (Neufeld etprimary alteration in the mutants may be an increase in
al., 1998). The mechanisms that define organ size arethe rate of cellular growth. Conversely, when both Tsc1
poorly understood. The complex of Tsc1 and Tsc2 re-and Tsc2 are overexpressed, the growth rate of the
stricts the growth of organs in vivo. Screens for genestissue is reduced (Figure 4). The cells are smaller and
that interact with Tsc1 and Tsc2 are likely to identifytake longer to divide than wild-type cells. The increase
in duration of the cell cycle may represent an attempt additional regulators of organ size.
Tsc1 and Tsc2 Restrict Growth and Proliferation
353
Experimental ProceduresTsc1 and Tsc2 May Modulate the Cell Cycle
via Changes in Cyclin Levels
Fly StocksIn Tsc1 and Tsc2 mutant clones, the levels of both Cyclin
w; FRT82B males were mutagenized with ethylmethanesulfonate
E and Cyclin A are elevated (Figure 5). Cell growth driven (EMS), then crossed to either y w eyFLP; FRT82B P[mini-w, arm-
by dmyc or dTor elevates Cyclin E levels (Johnston et LacZ] or first to w; TM3/TM6B, then individually to y w eyFLP;
al., 1999; Oldham et al., 2000; Zhang et al., 2000). It has FRT82B P[mini-w, armLacZ]. Males with mostly white eyes were
retained and maintained as balanced stocks. Alleles of Tsc1 werebeen postulated that Cyclin E may function as a ‘growth
Tsc1Q87X, Tsc1W243X and Tsc1R453X; the allele of Tsc2192 (formerly gig192).sensor’ in a manner analogous to CLN3 in yeast (Poly-
A Tsc1 cDNA (Ito and Rubin, 1999) was cloned into the pUASTmenis and Schmidt, 1997) and that the translation of
vector using NotI and KpnI sites. A Tsc2 cDNA was cloned into the
Cyclin E is more efficient in cells which have an in- NotI site of pUAST. Double (UAS-Tsc1 and UAS-Tsc2) transgenics
creased rate of growth (Edgar, 1999). The increased were generated by recombination between two lines with third chro-
levels of Cyclin E may be responsible for the shortening mosome insertions.
Other stocks included y w eyFLP (Newsome et al., 2000), eyGAL4,of G1 in Tsc1 and Tsc2 mutants. It is unclear why Cyclin
y w hsFLP; FRT82B P[pMyc] P[w y] (Xu and Rubin, 1993); w; FRT80AA and Cyclin B are also elevated in mutant cells. Cyclin A
P[mini-w] P[UbiGFP]/TM6B, w; FRT82B P[mini-w] P[UbiGFP]/TM6B,is normally expressed at high levels in G2. In Tsc1 or
and Act5c.CD2.Gal4 UAS-GFPNLSS65T (III), UAS-CycD (II), UAS-Tsc2 mutants, Cyclin A levels are elevated in the post-
CycD UAS-Cdk4 (II) (gifts from L. Johnston and B. Edgar [described
mitotic cells of the eye disc which are clearly not arrested in Neufeld et al., 1998; Datar et al., 2000]). UAS-p35 (II) was a gift
in G2. Thus it seems likely that the increased growth in from Bruce Hay. enGAL4 is described in Neufeld et al., 1998. cycEPZ5,
mutant cells may also lead to increased levels of mitotic cycA03946, cdk43, and ras1E1B have been described (Knoblich et al.,
1994; Lehner and O’Farrell, 1990; Meyer et al., 2000). UAS-dPTENcyclins. Alternatively Tsc1 and Tsc2 may function in a
(III) and UAS-dmyc (III) have been described (Gao et al., 2000; John-pathway that negatively regulates cyclin levels.
ston et al., 1999), and UAS-S6K (II) was a gift from T. Neufeld.While the increased levels of cyclins are likely to be
a response to the increased growth rate of mutant cells,
Microscopy and Immunocytochemistrywe cannot exclude the possibility that they are in some
Genotypes are described under “Flow Cytometry.” Eyes of frozen
way responsible for the increased growth rate. In Dro- flies were photographed using a Wild M10 dissecting microscope.
sophila, the Cyclin D/cdk4 complex serves to promote Overexpression of PTEN 1 Tsc1 1 Tsc2 caused lethality in males.
growth (Datar et al., 2000). In such a scenario, the loss Hence, females were used. Wings were mounted in 50% v/v Canada
Balsam (Sigma) in methyl salicylate (Fischer); measurements usedof Tsc1 or Tsc2 gene function may lead to elevated levels
NIH Image V1.3. Cell densities were assessed by counting the num-of cyclins leading to increased growth and proliferation.
ber of wing hairs in a 13,000 mm2 rectangle at the junction betweenSurprisingly, increased expression of Cyclin E, which
the wing margin and L2 for the anterior compartment and belowis thought to primarily promote S-phase entry and not
the intersection between the posterior cross-vein and L5 for the
growth, was also able to suppress the phenotype in- posterior compartment. The area measured in the anterior compart-
duced by overexpression of Tsc1 and Tsc2. This might ment was that between the anterior margin and L3 and in the poste-
reflect the existence of feedback loops where Cyclin E rior compartment that between L4 and the posterior margin.
Imaginal disc BrdU incorporations were as described (de Nooijmight downregulate the levels or activity of the Tsc1/
and Hariharan, 1995) with a 1.5 hr BrdU pulse to visualize nonsyn-Tsc2 complex. Alternatively, in some circumstances,
chronized ectopic S phases posterior to the morphogenetic furrow.Cyclin E might assume some of the functions of the
The rabbit polyclonal anti-phosH3 antibody was from Upstate Labo-
growth promoting Cyclin D. Indeed, in mammalian cells, ratories. The anti Tsc2 antibody is a mouse monclonal antibody
cyclin E has been shown to fully compensate for the 3H1 obtained by immunizing with a fragment containing residues
loss of cyclin D1 (Geng et al., 1999). 1203–1531 of the Tsc2 protein and was used at a dilution of 1:5.
Tsc1 and Tsc2 Regulate Cell Cycle Exit Flow Cytometry and Cell Cycle Analysis
Tsc mutant cells fail to maintain a developmentally in- Third instar larval wing or eye discs were dissociated and stained
as described (Neufeld et al., 1998), run on a Cytomation MoFloduced G1 arrest posterior to the second mitotic wave
instrument; data were analyzed (including distribution amongin third instar eye imaginal discs (Figure 2). The estab-
phases of the cell cycle) using FlowJo (Tree Star Inc.). For loss-of-lishment of this G1 arrest requires a downregulation of
function analysis, the following genotypes were used: (1) y w hsFLP/Cyclin E and Cyclin A expression (Avedisov et al., 2000;
1; FRT82B Tsc1W243X/FRT82B P[mini-w] P[UbiGFP] (2) y w, hsFLP/1;
Richardson et al., 1995). However, the transient cell cy- FRT80A Tsc2192 /FRT80A P[mini-w] P[UbiGFP]. For gain-of –function
cle arrest in the morphogenetic furrow occurs normally analysis, the genotypes were: (1) y w, hsFLP/1; Act5c.CD2.Gal4,
in Tsc1 and Tsc2, suggesting that it is the maintenance UAS-GFPNLSS65T (III)/UAS-Tsc1 UAS-Tsc2, (for overexpression of
Tsc1 and Tsc2) (2) y w hsFLP/1; Act5c.CD2.Gal4, UAS-of G1 arrest that is perturbed rather than its initial estab-
GFPNLSS65T (III)/1 (control). Clones were induced at 48 hr after egglishment.
deposition (AED) for loss-of-function and 72 hr AED for overexpres-Postmitotic cells continue to grow abnormally in Tsc1
sion, and discs were dissected for analysis at 120 hr AED. Doubling
and Tsc2 mutants and express elevated levels of Cyclin times were calculated as described (Neufeld et al., 1998) using the
E and Cyclin A. A likely model is that inappropriate and formula: (log2/logN) 3 hr. N is the median cell number per clone
continued growth in postmitotic cells leads to an accu- and hr is the age of the clones in hours. The length of each phase
mulation of Cyclin E and the mitotic cyclins. This would of the cell cycle (in hr) was determined by multiplying the doubling
time by the proportion of cells in that phase of the cell cycle.eventually force cells to overcome a developmentally
Cell cycle times in loss-of-function analysis (Figures 3C and 3F)regulated cell cycle arrest and to reenter the cell cycle.
were as follows. Time spent in each phase is in parentheses andIndeed, many of the lesions in patients with TSC occur
time in each phase as percentage of internal control is in square
in organs that consist predominantly of postmitotic cells brackets. For discs containing Tsc1 clones: control DT 5 14.03 hr
such as the heart and brain. A successful therapeutic (G1 5 4.80 hr; S 5 3.61 hr; G2 5 5.63 hr); Tsc1 DT 5 12.76 hr (G1 5
strategy in tuberous sclerosis is likely to be one that 2.45 hr; S 5 3.98 hr; G2 5 5.98 hr) [G1 5 51%; S 5 110%; G2 5
106%]. For discs containing Tsc2 clones: control DT 5 14.88 hrcan curtail the inappropriate cell growth.
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(G1 5 5.01 hr; S 5 3.82 hr; G2 5 5.97 hr); Tsc2 DT 5 13.42 hr (G1 5 Johnston, L.A., Prober, D.A., Edgar, B.A., Eisenman, R.N., and Gal-
lant, P. (1999). Drosophila myc regulates cellular growth during de-2.58 hr; S 5 4.36 hr; G2 5 6.79 hr) [G1 5 51%; S 5 114%; G2 5
114%]. In the overexpression analysis, (Figure 4Q) time spent in velopment. Cell 98, 779–790.
each phase was: control (G1 5 3.57 hr; S 5 3.75 hr; G2 5 3.84 hr); Knoblich, J.A., Sauer, K., Jones, L., Richardson, H., Saint, R., and
Tsc1 1 Tsc2(G1 5 6.26 hr; S 5 4.20 hr; G2 5 5.63 hr). Lehner, C.F. (1994). Cyclin E controls S phase progression and its
down-regulation during Drosophila embryogenesis is required for
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